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Introduction 


The  major  aims  of  this  concept  grant  are  to  demonstrate  whether  BIG1  functions  as  a 
nucleotide  exchange  factor  (GEF)  for  the  Rheb  small  GTPase  and  to  study  the  function  of 
TSC1  in  TORC2  (TOR  complex  2)  regulation.  The  first  aim  is  based  on  a  very  exciting 
and  provocative  hypothesis.  We  performed  experiments  as  proposed  and  found  that 
BIG1  has  no  GEF  activity  towards  Rheb.  Therefore,  our  experimental  data  do  not 
support  this  hypothesis.  However,  we  did  obtain  positive  results  regarding  the  regulation 
of  TORC2  by  TSC1 .  In  addition,  we  had  made  important  progress  on  a  related  topic  in  a 
different  direction.  We  have  identified  Sinl  as  a  novel  component  of  TORC2. 

Body 

Statement  of  work,  Task  1.  To  determine  whether  BIG1  functions  as  a  Rheb  GEF 
and  stimulates  TORC1  signaling. 

We  have  performed  experiments  testing  this  hypothesis.  We  co-transfected  S6K  together 
with  BIG1  into  HEK293  cells.  S6K  was  immunoprecipitated  and  phosphorylation  of 
S6K  was  determined.  We  tested  various  conditions,  including  serum  deprivation,  energy 
starvation,  and  nutrient  starvation.  We  could  not  consistently  detect  any  increase  of  S6K 
phosphorylation  by  co-transfecting  BIG1  while  our  hypothesis  predicts  that  BIG1  should 
increase  S6K  phosphorylation.  Previously,  we  have  established  that  Rheb  activation 
stimulates  S6K  phosphorylation.  We  showed  that  S6K  phosphorylation  is  a  reliable  and 
sensitive  functional  assay  for  Rheb  GTP  level  1 .  Therefore,  our  S6K  phosphorylation 
assay  indicates  that  BIG1  does  not  activate  Rheb  in  HEK293  cells.  In  order  to  directly 
assay  GEF  activity  in  vitro,  we  expressed  and  purified  Rheb  from  E.  coli.  We  attempted 
to  express  BIG1  in  E.  coli.  Unfortunately,  our  efforts  to  express  BIG1  were  not 
successfully  despite  many  different  conditions  were  tested.  It  is  worth  noting  that  BIG1 
is  a  very  large  molecular.  It  is  commonly  observed  that  large  eukaryotic  protein  is 
difficult  to  be  expressed  in  E.  coli.  Therefore,  we  were  unable  to  directly  measure  BIG1 
GEF  activity  using  purified  proteins  due  to  technical  difficult. 

Statement  of  work,  Task  2.  To  test  whether  TSC1  regulates  Arfl  and  TORC2 
signaling. 

We  also  tested  the  regulation  of  TORC2  by  TSC1  and  we  obtained  positive  results.  Our 
data  show  that  TSC1  indirectly  regulates  the  TORC2  activity  possible  via  the  action  of 
S6K.  AKT  S473  phosphorylation  has  been  shown  to  be  a  useful  functional  assay  for 
TORC2  2.  We  found  that  TORC2  activity  is  inhibited  in  TSC1-/-  cells.  Inhibition  of 
TORC1  by  rapamycin  restored  TORC2  activation  by  insulin  (see  figure).  Similarly, 
downregulation  of  TSC1  by  RNA  interference  results  in  a  decrease  of  TORC2  activity. 
These  data  indicate  that  TSC1  regulates  TORC2  indirectly  through  the  TORC1-S6K 
pathway.  Active  S6K  inhibits  the  TORC2  possibly  via  a  negative  feedback  mechanism  3. 
We  also  examined  the  effect  of  TSC1  on  Arfl  and  found  that  TSC1  does  not  significantly 
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affect  Arf  activity. 


MEF  TSC1  *1*  MEF  TSC1  -/- 

I - 1  ! - 1 

3hr  24hr  3hr  24hr 
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Figure.  TSC1  indirectly  regulates  Akt  S473  phosphorylation,  hence,  TORC2  activity. 

In  addition  to  the  experiments  directly  related  to  the  SOW,  we  also  performed 
additional  experiments,  which  contribute  to  the  identification  of  Sin  1  as  a  novel  subunit 
of  TORC2.  I  have  to  state  that  the  Sinl  paper,  which  was  published  in  Genes  & 
Development  4,  was  largely  supported  by  funding  from  an  NIH  grant.  The  DOD  fund 
specifically  contributed  to  the  data  in  figure  2  of  the  above  paper.  No  mice  experiments 
were  performed  using  fund  from  this  proposal. 

Key  Research  Accomplishments 

1 .  We  demonstrated  that  BIG1  has  no  GEF  activity  towards  Rheb. 

2.  We  showed  that  TSC1  stimulates  TORC2  activity  via  the  TORC1  and  S6K 
pathway. 

3.  We  identified  Sinl  as  an  essential  component  of  TORC2. 

Reportable  Outcomes 

Yang,  Q.,  Inoki,  K.,  Ikenoue,  T.,  and  Guan,  K-L.  Identification  of  Sinl  as  an  essential 
TORC2  component  required  for  complex  formation  and  kinase  activity.  Genes  &  Dev. 
20,  2833-47,  2006.  (The  paper  is  attached). 

I  have  presented  our  data  at  a  Gordon  Research  conference,  June  2006;  seminars  at  the 
TSC/LAM  Treatment  Alliance  (June,  2006);  Salk  Protein  Phosphorylation  Symposium 
(August,  2006);  and  the  8th  Insulin  Action  Symposium  (September  2007). 

We  have  constructed  several  plasmids,  including  Rheb  plasmids,  which  have  been  sent  to 
numerous  investigators  in  the  scientific  community. 

Conclusions 

We  found  that  TSC1  stimulates  TORC2  activity  by  inhibiting  the  TORC1  pathway  via 
S6K.  Inhibition  of  TORC1  results  in  a  decrease  S6K  activity,  which  normally  exerts  an 
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inhibitory  effect  on  TORC2  by  a  feedback  mechanism.  We  also  identified  Sin  1  as  a 
novel  subunit  of  TORC2. 
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TORC2  component  required  for  complex 
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Target  of  rapamycin  (TOR)  is  an  evolutionally  conserved  protein  kinase  in  eukaryotes  and  a  central  cell 
growth  controller.  TOR  exists  in  two  distinct  complexes,  termed  TORC1  and  TORC2.  Mammalian  TORC2 
has  recently  been  shown  to  possess  kinase  activity  toward  the  C-terminal  hydrophobic  site  of  Akt/PKB.  Here, 
we  report  that  Sinl  is  an  essential  component  of  TORC2  but  not  of  TORC1,  and  functions  similarly  to  Rictor, 
the  defining  member  of  TORC2,  in  complex  formation  and  kinase  activity.  Knockdown  of  Sinl  decreases  Akt 
phosphorylation  in  both  Drosophila  and  mammalian  cells  and  diminishes  Akt  function  in  vivo.  It  also 
disrupts  the  interaction  between  Rictor  and  mTOR.  Furthermore,  Sinl  is  required  for  TORC2  kinase  activity 
in  vitro.  Disruption  of  the  Rictor  gene  in  mice  results  in  embryonic  lethality  and  ablates  Akt  phosphorylation. 
These  data  demonstrate  that  Sinl  together  with  Rictor  are  key  components  of  nrTORC2  and  play  an  essential 
role  in  Akt  phosphorylation  and  signaling. 

\Keywords:  Sinl;  TORC;  TSC;  Rictor;  Akt;  mTOR) 

Supplemental  material  is  available  at  http://www.genesdev.org. 
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Rapamycin  is  an  Food  and  Drug  Administration  (FDAJ- 
approved  drug  used  for  immunosuppression  in  organ 
transplants,  prevention  of  restenosis  post-angioplasty, 
and  chemotherapy  for  soft-tissue  and  bone  sarcomas 
(Abraham  and  Wiederrecht  1996;  Sawyers  2003).  The  tar¬ 
get  of  rapamycin  (TOR)  is  a  highly  conserved  phospha- 
tidylinositol  kinase-related  serine/threonine  protein  ki¬ 
nase  that  regulates  cell  growth,  proliferation,  morphol¬ 
ogy,  and  survival  (Inoki  et  al.  2005;  Wullschleger  et  al. 
2006).  The  functions  of  TOR  in  translation  and  cell  size 
control  have  been  well  characterized  due  to  the  avail¬ 
ability  of  rapamycin,  a  highly  specific  TOR  inhibitor. 

TOR  forms  two  distinct  structural  and  functional 
complexes  (TORC1  and  TORC2)  (Wullschleger  et  al. 
2006).  TORC1  and  TORC2  were  initially  identified  in 
Saccharomyccs  cerevisiae,  which  has  two  TOR  genes, 
while  higher  eukaryotes  have  only  one  TOR  gene.  Yeast 
TORC1  consists  of  either  Tori  orTor2,  Kogl,  Lst8,  and 
Tco89,  while  yeast  TORC2  contains  Tor2,  Lst8,  Avol, 
Avo2,  Avo3,  and  Bit61  (Loewith  et  al.  2002;  Reinke  et  al. 
2004).  Biochemical  studies  show  that  TORC1  activity  is 
inhibited  by  rapamycin.  In  contrast,  TORC2  activity  is 
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insensitive  to  rapamycin  inhibition.  Recently,  both 
TORC1  andTORC2  have  also  been  identified  in  higher 
eukaryotes  (Jacinto  et  al.  2004;  Sarbassov  et  al.  2004). 
Mammalian  TORC1  (mTORCl)  consists  of  mTOR,  Rap¬ 
tor  (homolog  of  Kogl)  and  mLST8  (also  known  as  G(3L) 
(Hara  et  al.  2002;  Kim  et  al.  2002,  2003).  mTORCl  regu¬ 
lates  translation  and  cell  growth  by  phosphorylating  ri- 
bosomal  S6  kinase  (S6K)  and  eukaryote  initiation  factor 
4E-binding  protein  1  (4EBP1)  in  a  rapamycin-sensitive 
manner  (Hay  and  Sonenberg  2004).  Much  of  the  current 
knowledge  about  mTOR  in  literature  is  associated  with 
mTORCl  because  of  the  wide  utilization  of  rapamycin 
in  biochemical  studies.  The  identification  of  these  two 
distinct  TOR  complexes  ties  together  many  yeast  and 
mammalian  studies  and  has  significantly  advanced  the 
understanding  of  TOR  biology  (Wullschleger  et  al.  2006). 

Recent  discoveries  have  highlighted  the  functional  im¬ 
portance  of  TORC2  (Jacinto  ct  al.  2004;  Sarbassov  et  al. 
2004,  2005).  Sabatini's  group  (Sarbassov  et  al.  2005)  has 
demonstrated  that  TORC2  directly  phosphorylates 
Ser473  in  the  hydrophobic  motif  of  Akt/PKB.  In  contrast, 
TORC2  does  not  phosphorylate  S6K,  a  well-character¬ 
ized  mTOR  substrate.  The  discovery  that  TORC2  is  the 
long-sought  PDK2  greatly  widens  the  cellular  functions 
of  mTOR.  Akt  is  a  key  signaling  component  downstream 
from  PI3K  (Brazil  et  al.  2004)  and  regulates  a  wide  range 
of  cellular  activities  including  cell  growth,  metabolism, 
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and  survival.  Akt  controls  these  important  cellular  func¬ 
tions  by  phosphorylating  and  regulating  a  large  number 
of  cellular  proteins  such  as  GSK3  (Cross  et  al.  1995; 
Woodgett  2005).  Akt  activation  is  tightly  controlled  by 
P13K  signaling  and  requires  both  the  phosphorylation  of 
Thr308  in  the  activation  loop  and  the  phosphorylation  of 
Ser473  in  the  hydrophobic  motif.  Phosphorylation  of 
these  two  residues  in  Akt  is  accomplished  by  PDK1  and 
PDK2  (TORC2),  respectively  (Alessi  et  al.  1997).  PDK1 
has  been  well  characterized  as  an  essential  link  between 
PI3K  and  Akt  by  phosphorylating  Thr308  in  the  activa¬ 
tion  loop  of  Akt  (Mora  et  al.  2004).  Similarly,  the  phos¬ 
phorylation  of  Ser473  in  Akt  is  stimulated  by  PI3K  acti¬ 
vation,  though  the  molecular  mechanism  of  TORC2 
regulation  is  not  clear. 

mTORC2  consists  of  rnTOR,  Rictor  (Avo3  homolog) 
and  mLST8  (Jacinto  et  al.  2004;  Sarbassov  et  al.  2004).  It 
is  also  known  as  the  "Rictor  complex,"  because  Rictor  is 
the  defining  component  of  mTORC2,  while  both  mTOR 
and  mLST8  are  also  present  in  mTORCl.  Rictor  is  es¬ 
sential  for  both  mTORC2  complex  formation  and  its  bio¬ 
logical  function.  Rictor  knockdown  by  RNA  interference 
(RNAi)  dramatically  inhibits  Ser473  phosphorylation  of 
Akt  in  both  Drosophila  and  mammalian  cells.  Moreover, 
TORC2  immunoprecipitated  from  mammalian  cells  us¬ 
ing  a  Rictor  antibody  efficiently  phosphorylates  Akt  on 
Ser473  in  vitro  (Sarbassov  et  al.  2005;  Wullschleger  et  al. 
2005).  However,  phosphorylation  of  Akt  Ser473  is  not 
completely  abolished  in  Rictor  knockdown  cells.  This 
might  be  due  to  the  incomplete  knockdown  of  Rictor  by 
RNAi.  Nevertheless,  the  existence  of  other  PDK2  activi¬ 
ties  cannot  be  excluded  by  the  current  data,  and  TORC2 
may  represent  only  one  of  multiple  PDK2  activities  in 
the  cell  (Balendran  et  al.  1999;  Toker  and  Newton  2000; 
Persad  et  al.  2001;  Rane  et  al.  2001;  Feng  et  al.  2004).  The 
essential  role  of  Rictor  in  mTORC2  is  further  supported 
by  its  function  in  actin  cytoskeletal  organization,  which 
is  also  regulated  by  mTORC2  (Jacinto  et  al.  2004;  Sar¬ 
bassov  et  al.  2004).  Excluding  Rictor,  no  other  protein 
has  been  identified  as  a  component  unique  to  mTORC2. 

Avol  was  purified  as  a  component  of  TORC2  in  the 
budding  yeast  S.  cerevisiae.  Disruption  of  AVOl  results 
in  phenotypes  similar  to  those  observed  in  TOR2  disrup¬ 
tion,  suggesting  that  Avol  functions  together  with  Tor2 
in  the  yeast  TORC2  (Loewith  et  al.  2002).  Human  Sinl 
homolog  (hSinl)  was  originally  named  based  on  its  ho¬ 
mology  with  Sinl,  the  Avol  ortholog  in  the  fission  yeast 
Schizosaccharomyces  pombe  (Wilkinson  et  al.  1999).  In 
fission  yeast,  Sinl  is  involved  in  stress  responses  and 
interacts  with  Styl/Spcl,  a  member  of  the  mitogen-ac¬ 
tivated  protein  kinase  family.  However,  the  function  of 
Sinl  in  TOR  signaling  has  not  been  investigated.  Mam¬ 
malian  Sinl/Mipl  was  isolated  as  a  MEICK2-interacting 
protein  (Cheng  et  al.  2005).  MEKK2  is  a  member  of  the 
mitogen-activated  protein  (MAP)  kinase  kinase  kinases 
and  activates  the  JNK  kinase  pathway  (Hagemann  and 
Blank  2001).  However,  previous  reports  had  suggested 
that  hSinl  is  not  part  of  mTORC2,  but  the  evidence  was 
not  extensive  (Loewith  et  al.  2002).  Since  hSinl  is  widely 
expressed  in  human  tissue  similar  to  the  expression  pro¬ 


file  of  mTOR  (Loewith  et  al.  2002;  Schroder  et  al.  2004), 
it  is  possible  that  hSinl  is  a  component  of  mTORCl. 

In  this  report,  we  examined  the  function  of  hSinl  and 
its  relationship  with  mTORC2.  Our  studies  show  that 
hSinl  specifically  interacts  with  mTOR  and  Rictor,  but 
not  Raptor.  Furthermore,  the  knockdown  of  hSinl  re¬ 
sults  in  decrease  of  Rictor  phosphorylation  and  protein 
levels  as  well  as  disrupting  the  binding  between  Rictor 
and  mTOR.  Consistent  with  a  role  of  hSinl  in  TORC2 
activity,  Rictor  knockdown  dramatically  decreases 
hSinl  protein  levels.  Moreover,  the  knockdown  of  Sinl 
in  both  Drosophila  and  mammalian  cells  diminishes 
Akt  phosphorylation.  hSinl  knockdown  cells  display 
less  phosphorylation  of  Akt  substrates  and  are  more  sen¬ 
sitive  to  apoptosis.  We  also  demonstrate  that  TORC2 
plays  a  pivotal  role  in  Akt  phosphorylation  in  mouse 
embryos  by  disruption  of  the  Rictor  gene.  We  found  that 
Rictor  disruption  results  in  embryonic  lethality.  The 
Akt  phosphorylation  on  Ser473  is  abolished,  whereas  the 
decrease  of  Thr308  phosphorylation  varies  among  differ¬ 
ent  embryos.  This  study  establishes  that  hSin  1  is  an  es¬ 
sential  component  of  TORC2  and  plays  a  crucial  role  in 
Akt  phosphorylation  and  signaling. 

Results 

dSinl  is  essential  for  dAkt  phosphorylation 
in  Drosophila  S2  cells 

Previous  studies  have  shown  that  Avol  is  an  essential 
component  of  TORC2  in  5.  cerevisiae  (Loewith  et  al. 
2002;  Wullschleger  et  al.  2005).  Our  initial  sequence  ho¬ 
mology  search  by  BLAST  or  PSI-BLAST  using  the  S.  cere¬ 
visiae  Avol  sequence  only  identified  the  S.  pombe  Sinl 
gene  product  as  an  obvious  homolog.  When  the  Sinl  se¬ 
quence  was  used  in  a  BLAST  search,  Sinl  homologs  were 
found  in  higher  eukaryotes,  including  Drosophila  and 
human.  However,  whether  this  Avol  ortholog  (Sinl) 
functions  in  higher  eukaryotic  TORC2  was  not  clear.  In 
fact,  a  previous  report  suggested  that  hSinl  does  not  in¬ 
teract  with  mTOR  (Loewith  et  al.  2002). 

To  test  the  function  of  Sinl  homologs  in  higher  eu¬ 
karyotes,  we  first  performed  RNAi  experiments  in  Dro¬ 
sophila  S2  cells,  in  which  the  function  of  TORC2  has 
been  characterized.  Two  nonoverlapping  dSinl  double- 
stranded  RNAs  (dsRNA),  targeting  different  dSinl  cod¬ 
ing  regions,  were  generated  to  knockdown  dSinl  in  cul¬ 
tured  S2  cells.  The  phosphorylation  of  dAkt  and  dS6K, 
detected  by  phosphospecific  antibodies,  was  used  as  a 
functional  readout  for  the  activities  of  dTORC2  and 
dTORCl,  respectively.  We  found  that  down-regulation 
of  dSinl  by  RNAi  decreased  basal  dAkt  phosphorylation 
on  Ser505,  which  is  equivalent  to  Ser473  of  the  mamma¬ 
lian  Akt  l,  the  direct  site  of  phosphorylation  by  TORC2 
(Fig.  1A).  Under  basal  conditions,  the  effects  of  dTOR, 
dRictor,  and  dLSTS  RNAi  were  not  obvious,  probably 
due  to  the  low  levels  of  basal  dAkt  phosphorylation  (Fig. 
1A).  Therefore,  we  examined  these  RNAi  effects  under 
insulin  stimulation  conditions,  which  stimulate  basal 
dAkt  phosphorylation  (Fig.  1A,  cf.  lanes  12  and  23)  and 
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Figure  1.  dSinl  is  essential  for  dAkt  phosphorylation  in  Drosophila  S2  cells.  (A)  dSinl  knockdown  inhibits  both  basal  and  insulin- 
stimulated  dAkt  phosphorylation  but  not  dS6K  phosphorylation.  dsRNA  was  used  to  target  an  individual  dTOR  pathway  component 
as  indicated.  "dSinl_l"  and  "dSinl_2"  denote  two  nonoverlapping  dsRNAs  targeting  different  regions  of  the  dSinl  mRNA.  Insulin 
stimulation  (100  nM,  IS  min)  is  indicated.  Protein  levels  and  phosphorylation  were  determined  by  Western  blotting  with  indicated 
antibodies.  The  dAkt  protein  levels  were  detected  by  mammalian  Akt  antibody.  The  two  dAkt  isoforms  generated  by  alternative 
splicing  are  indicated  by  the  arrows.  The  column  chart  shows  the  quantification  results  (Image!)  of  the  dAkt  and  dS6K  phosphorylation 
under  insulin  stimulation  condition.  The  lane  numbers  in  the  chart  correspond  to  those  labeled  at  the  bottom  of  the  Western  blot 
panels.  (•)  Knockdown  of  either  dAkt  or  dS6K  that  led  to  undetectable  protein  levels  for  quantification.  The  phosphorylation  under 
basal  condition  was  too  low  to  be  accurately  quantified.  (B|  dSinl  knockdown  blocks  the  effects  caused  by  knockdown  of  other  TOR 
pathway  components  on  dAkt  but  not  on  dS6K  phosphorylation.  RNAi  experiments,  insulin  stimulation.  Western  blotting,  and 
quantification  were  performed  the  same  as  described  in  A.  Where  indicated,  dSinl  dsRNA  was  used  in  combination  and  added  to  the 
cells  at  the  same  time  with  the  other  dsRNAs. 


thus  make  the  RNAi  inhibitory  effects  more  visible.  We 
observed  that  knockdown  of  dSinl  ablated  the  insulin- 
induced  dAkt  phosphorylation.  It  is  worth  noting  that 
the  effect  of  dSinl  knockdown  on  dAkt  phosphorylation 
was  more  dramatic  than  the  effects  of  dTOR  and  dRictor 
knockdown.  This  could  be  partly  due  to  a  more  efficient 
knockdown  of  dSinl  (Supplementary  Fig.  SI).  We  also 
observed  that  knockdown  of  dSinl  did  not  decrease  dS6K 
phosphorylation,  suggesting  that  dSinl  is  not  important 
for  TORC1  activity.  As  expected,  knockdown  of  dTOR 
strongly  inhibited  dS6K  phosphorylation.  dLST8  RNAi 
did  not  noticeably  inhibit  dS6IC  phosphorylation,  prob¬ 
ably  due  to  an  insufficient  knockdown  (Supplementary 
Fig.  SI).  Together,  our  data  demonstrate  that  dSinl  is 
important  for  dTORC2  function  in  dAkt  phosphoryla¬ 
tion  and  is  not  required  for  dTORCl  function. 

It  has  been  reported  that  TORC1  and  S6K  exert  an 
inhibitory  effect  on  TORC2,  possibly  via  the  feedback 
inhibition  mechanism  involving  S6K  (Radimerski  et  al. 
2002a,b;  Stocker  et  al.  2003;  Harrington  et  al.  2004,-  Shah 
et  al.  2004;  Um  et  al.  2004;  Yang  et  al.  2006).  Knockdown 
of  dRaptor,  dRheb,  or  dS6K  increased  both  basal  and  in¬ 
sulin-induced  dAkt  phosphorylation  (Fig.  1A,B).  We  ex¬ 
amined  the  relationship  between  these  genes  and  dSinl 
in  dAkt  regulation.  Knockdown  of  dSinl  completely 


blocked  the  positive  effect  on  dAkt  phosphorylation 
caused  by  knockdown  of  dRaptor,  dRheb,  or  dS6K  (Fig. 
IB).  dPTEN  knockdown  promoted  phosphorylation  of 
both  dAkt  and  dS6K.  Again,  dSinl  was  required  for  the 
dPTEN  knockdown-induced  dAkt  phosphorylation,  but 
not  required  for  the  enhancement  of  dS6K  phosphoryla¬ 
tion.  Our  data  also  confirm  previous  reports  that  dAkt  is 
not  required  for  dS6K  phosphorylation  in  Droshophila 
cells  (Radimerski  et  al.  2002b;  Sarbassov  et  al.  2005; 
Yang  et  al.  2006).  Together,  these  results  indicate  that 
dSinl  functions  proximal  to  dAkt  and  are  consistent 
with  the  hypothesis  that  dSinl  is  a  key  component  of 
dTORC2. 

hSinl  plays  a  positive  role  in  Ala  phosphorylation 
in  mammalian  cells 

To  further  confirm  the  function  of  Sinl  in  Akt  phos¬ 
phorylation,  we  next  performed  RNAi  experiments  in 
HeLa  cells.  We  chose  HeLa  cells  because  RNAi  is  very 
efficient  and  TORC2  activity  has  been  well  character¬ 
ized  in  this  cell  line  (Sarbassov  et  al.  2005).  The  RNAi 
effects  of  mTOR  (required  for  both  mTORCl  and 
mTORC2),  Rictor  (mTORC2  specific),  Raptor  (mTORCl 
specific),  and  hSinl  were  analyzed  by  Western  blotting. 
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Phosphorylation  of  both  Ser473  (the  PDK2/TORC2  site) 
and  Thr308  (the  PDICl  site)  of  Akt  was  examined.  Be¬ 
cause  the  levels  of  basal  Akt  phosphorylation  are  low  in 
HeLa  cells,  RNAi  effects  are  more  evident  under  insulin 
stimulation  conditions  (Fig.  2A).  Similar  to  the  observa¬ 
tions  made  in  Drosophila  S2  cells,  knockdown  of  both 
hSinl  and  Rictor,  but  not  Raptor,  significantly  reduced 
the  phosphorylation  of  Akt  on  Ser473  and  Thr308,  and 
had  a  limited  effect  on  S6I<  phosphorylation.  The  weak 
reduction  in  S6K  phosphorylation  could  be  due  to  a 
slight  decrease  of  mTOR  protein  level  (Figs.  2A,B,  4A, 
below)  or  an  inhibition  of  Akt  activity  by  the  hSinl  and 
Rictor  RNAi.  Knockdown  of  mTOR  also  decreased  Akt 
phosphorylation,  although  less  dramatically  than  hSinl 
knockdown.  The  relatively  weak  effect  of  mTOR  RNAi 
could  be  due  to  a  less-efficient  knockdown  of  mTOR 
mRNA  (Supplementary  Fig.  S2A),  and/or  a  relief  of  the 
S6K-mediated  feedback  inhibition  caused  by  mTOR 
knockdown.  Supporting  the  latter  possibility,  Raptor 
RNAi  caused  a  reproducible  increase  of  Akt  phosphory¬ 
lation.  The  above  observations  are  consistent  with  our 
data  obtained  in  Drosophila  S2  cells  and  suggest  that 


hSinl  is  required  for  proper  Akt  phosphorylation  in 
mammalian  cells. 

To  determine  whether  hSinl  RNAi  decreases  Akt  ac¬ 
tivity  in  vivo,  we  examined  the  phosphorylation  of 
GSK3(3  Ser9,  which  is  a  physiological  substrate  of  Akt 
(Cross  et  al.  1995).  In  agreement  with  decreased  Akt 
phosphorylation,  both  basal  and  insulin-stimulated 
GSK3p  Ser9  phosphorylation  were  inhibited  by  knock¬ 
down  of  either  hSinl  or  Rictor  (Fig.  2A).  The  results  in¬ 
dicate  that  both  hSinl  and  Rictor  are  required  for  basal 
and  insulin-stimulated  Akt  activity.  It  is  worth  noting 
that  the  decrease  of  GSK3  phosphorylation  caused  by 
hSinl  knockdown  is  less  dramatic  than  the  decrease  of 
Akt  phosphorylation.  This  is  likely  due  to  the  fact  that 
Akt  is  not  the  only  kinase  responsible  for  GSK3  Ser9 
phosphorylation  (McManus  ct  al.  2005;  Woodgctt  2005). 
In  the  same  experiments,  phosphorylation  of  the  S6  pro¬ 
tein,  a  physiological  substrate  of  S6K,  was  not  signifi¬ 
cantly  affected  by  knockdown  of  either  hSinl  or  Rictor. 
Therefore,  hSinl,  similar  to  Rictor,  is  selectively  re¬ 
quired  for  the  phosphorylation  and  activation  of  the 
TORC2  substrate  Akt,  but  not  the  TORC1  substrate  S6K. 
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Figure  2.  hSin  1  positively  regulates  Akt  phosphorylation  in  mammalian  cells.  (A)  Knockdown  of  hSinl  inhibits  Akt  phosphorylation 
but  not  S6K  phosphorylation  in  HeLa  cells.  Different  siRNAs  used  in  transfection  are  indicated.  "C"  denotes  control  siRNA  targeting 
GFP.  HeLa  cells  were  treated  with  100  nM  insulin  for  1 5  min  before  harvesting  where  indicated.  Antibodies  used  for  Western  blotting 
were  labeled  next  to  each  panel.  The  phospho-S6Kl  (T389)  and  S6K1  antibodies  detect  both  the  p85  and  the  p70  isoforms  that  are 
indicated  by  the  arrows.  The  column  chart  shows  quantification  results  (ImageJ)  of  the  Western  blotting.  The  phosphorylation  of  Akt 
or  S6K1  under  basal  conditions  was  too  low  to  be  accurately  quantified.  (8)  Knockdown  of  hSinl  inhibits  Akt  phosphorylation  in 
1-IEK293  cells.  Experiments  were  performed  similarly  as  those  described  in  A,  (C)  Overexpression  of  HA-hSinl  promotes  Akt  phos¬ 
phorylation.  HA-hSinl  was  cotransfected  with  GST-Akt  into  HEK293  cells.  hSinl  siRNA  and  HA-Raptor  were  used  as  controls  where 
indicated.  Phosphorylation  of  cotransfected  GST-Akt  was  monitored  by  phospho-specific  antibody  as  indicated. 
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Similar  experiments  were  performed  in  HEK293  cells, 
which  have  much  higher  basal  levels  of  Al<t  phosphory¬ 
lation  and  display  a  weaker  response  to  insulin  stimula¬ 
tion.  Still,  knockdown  of  either  hSinl  or  Rictor  de¬ 
creased  both  basal  and  insulin-stimulated  Akt  phos¬ 
phorylation  (Fig.  2B).  Therefore,  these  data  further 
support  that  hSinl  functions  similarly  to  Rictor  and 
plays  an  essential  role  in  Akt  phosphorylation. 

We  also  examined  the  effects  of  mLST8  RNAi,  a  com¬ 
ponent  known  to  be  present  in  both  TORC1  and 
TORC2.  Knockdown  of  mLSTS  showed  only  minor  ef¬ 
fects  on  phosphorylation  of  both  Akt  and  S6K  (Supple¬ 
mentary  Fig.  S3A).  It  is  possible  that  the  mLST8  protein 
is  more  abundant  than  the  other  TORC  components,  and 
therefore  is  less  sensitive  to  knockdown.  Alternatively, 
mLSTS  may  have  a  less  critical  function  in  TORC1  and 
TORC2. 

The  effects  of  PDK1  knockdown  were  also  examined. 
Knockdown  of  PDK1  decreased  S6K  phosphorylation  as 
expected.  Surprisingly,  it  increased  Akt  phosphorylation 
on  Ser473  and  had  no  visible  effect  on  Thr308  phos¬ 
phorylation  (Supplementary  Fig.  S3A).  The  increase  of 
Akt  phosphorylation  on  Ser473  could  be  due  to  the 
PDK1  knockdown-induced  inhibition  of  S6K,  therefore 
relieving  the  inhibitory  effect  of  S6K  on  TORC2 
(Radimcrski  et  al.  2002a, b;  Stocker  et  al.  2003;  Harring¬ 
ton  et  al.  2004;  Shah  et  al.  2004;  Um  et  al.  2004;  Yang  et 
al.  2006).  The  lack  of  PDK1  RNAi  effect  on  the  Thr308 
phosphorylation  of  Akt  can  be  explained  by  the  exces¬ 
sive  PDK1  activity  needed  for  Akt  phosphorylation  in 
the  HeLa  cells.  It  is  consistent  with  a  previous  report 
that  a  90%  reduction  of  PDK1  does  not  affect  Akt  phos¬ 
phorylation  in  response  to  insulin  (Lawlor  et  al.  2002). 

In  the  RNAi  experiments,  we  observed  that  knock¬ 
down  of  one  target  decreased  the  protein  level  of  another 
TORC2  component  (Figs.  2A,B,  4A,  below).  For  example, 
Rictor  knockdown  significantly  decreased  hSinl  protein 
levels.  One  may  question  the  specificity  of  the  SMART- 
pool  small  interfering  RNA  (siRNA),  which  is  composed 
of  four  individual  siRNAs  for  each  mRNA  target.  How¬ 
ever,  several  lines  of  evidence  argue  against  the  possibil¬ 
ity  of  nonspecific  targeting  by  the  SMARTpool  siRNA. 
First,  Rictor  knockdown  did  not  affect  the  protein  levels 
of  Raptor,  Akt,  GSK3(1,  S6K,  and  S6.  Second,  we  per¬ 
formed  quantitative  real-time  PCR  (QRT-PCR)  to  deter¬ 
mine  mRNA  levels.  Our  data  showed  that  the  SMART¬ 
pool  siRNAs  were  indeed  specifically  targeting  then- 
respective  targets  (Supplementary  Fig.  S2A-C).  Further¬ 
more,  we  examined  four  different  siRNA  duplexes,  tar¬ 
geting  either  hSinl  or  Rictor  (Supplementary  Fig.  S3B). 
The  results  demonstrated  that  independent  knockdown 
of  Rictor  by  four  different  siRNAs  also  decreased  hSin  1 
protein  levels.  Similarly,  hSinl  knockdown  by  four  dif¬ 
ferent  siRNAs  decreased  Rictor  protein  levels.  These 
data  not  only  demonstrate  the  specificity  of  the  RNAi 
experiments,  but  also  further  support  that  hSinl  is  a 
component  of  TORC2  and  is  stabilized  by  complex  for¬ 
mation  with  Rictor. 

To  complement  the  hSinl  RNAi  experiments,  we  ex¬ 
amined  the  effects  of  hSinl  overexpression  on  Akt  phos¬ 


phorylation.  Overexpression  of  HA-hSinl  reproducibly 
promoted  the  phosphorylation  of  the  cotransfected  GST- 
Akt  on  Ser473  (Fig.  2C).  As  a  negative  control,  overex¬ 
pression  of  HA-Raptor  had  no  effect  on  the  phosphory¬ 
lation  of  GST-Akt.  These  results  further  demonstrate  a 
positive  role  of  hSinl  in  Akt  phosphorylation.  Akt  is  an 
important  cellular  regulator  known  to  phosphorylate 
multiple  substrates.  We  used  a  phospho-Akt  substrate 
antibody,  which  recognizes  RXRXXS*/T*  (X  for  any  resi¬ 
due,  '  for  phosphorylation)  motif  (Alessi  et  al.  1996),  to 
determine  whether  down-regulation  of  hSin  1  affects  the 
phosphorylation  of  Akt  substrates.  It  is  important  to 
note  that  the  "phospho-Akt  substrate  antibody"  also  rec¬ 
ognizes  proteins  that  are  phosphorylated  by  other  ki¬ 
nases  as  long  as  the  protein  sequence  matches  to  the 
antibody  recognition  motif.  The  phospho-Akt  substrate 
antibody  detected  multiple  proteins  in  HeLa  cell  lysates, 
many  of  which  were  stimulated  by  insulin  and  inhibited 
by  LY249002,  a  PI3K-specific  inhibitor  (Supplementary 
Fig.  S4).  Knockdown  of  either  hSinl  or  Rictor  caused  a 
reduction  in  phosphorylation  of  several  proteins  as  de¬ 
tected  by  the  phospho-Akt  substrate  antibody.  In  con¬ 
trast,  knockdown  of  Raptor  had  little  effect  on  the  phos¬ 
phorylation  of  those  putative  Akt  substrates.  Therefore, 
hSinl  plays  an  important  role  in  the  regulation  of  Akt 
activity  and  the  phosphorylation  of  Akt  substrates  in 
vivo. 

hSinl  is  an  essential  component-  of  TORC2  required 
for  complex  formation 

Based  on  the  functional  similarities  between  hSinl  and 
Rictor,  as  well  as  the  limited  sequence  similarity  be¬ 
tween  hSinl  and  Avol,  we  hypothesize  that  hSinl  is  a 
component  of  TORC2.  To  test  this  model,  we  immuno- 
precipitated  endogenous  TOR  complexes  under  different 
buffer  conditions  and  examined  the  interactions  be¬ 
tween  hSinl  and  TORC2  components  (Fig.  3A).  HEIC293 
cells  were  lysed  in  buffers  containing  cither  1%  Triton 
X-100,  1%  NP40,  or  0.3%  CHAPS.  Consistent  with  pre¬ 
vious  findings  (Kim  et  al.  2002;  Sarbassov  et  al.  2004), 
both  TORC1  and  TORC2  were  maintained  in  CHAPS 
buffer.  We  found  that  TORC1  was  sensitive  to  both 
NP40  and  T riton  X- 1 00,  while  TORC2  was  less  sensitive 
to  NP40  but  was  disrupted  by  Triton  X-100.  Interest¬ 
ingly,  the  interaction  between  Rictor  and  hSinl  was  not 
disrupted  by  any  of  the  detergents  tested,  indicating  that 
hSinl  and  Rictor  form  a  tight  complex.  This  result  is 
consistent  with  the  observation  that  the  knockdown  of 
either  protein  results  in  the  destabilization  of  the  other. 

Coimmunoprecipitation  of  hSin  1  in  TORC2  was  also 
observed  in  HeLa  cells  (Supplementary  Fig.  S5A).  Endog¬ 
enous  mTOR,  Rictor,  and  hSinl  were  coimmunoprecipi- 
tated  with  each  other.  In  contrast,  neither  Rictor  nor 
hSinl  could  coprecipitate  Raptor,  while  mTOR  could.  It 
is  worth  noting  that  the  amount  of  mTOR  coprecipitated 
by  hSinl  was  comparable  to  that  coprecipitated  by  Ric¬ 
tor  (Fig.  3 A;  Supplementary  Fig.  S5A).  Furthermore,  the 
amount  of  endogenous  hSinl  coprecipitated  by  the  en¬ 
dogenous  Rictor  was  not  much  less  than  that  precipi- 
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Figure  3.  hSinl  is  a  genuine  component  of  TORC2  and  is  essential  for  the  complex  fonnation.  (A)  Effect  of  different  detergents  on 
the  integrity  of  TORC1  and  TORC2.  HEK293  cell  were  lysed  in  buffers  containing  either  Triton  X-100  (1%|,  NP40  (1%),  or  CHAPS 
(0.3%)  as  indicated.  Each  lysate  was  equally  divided  into  four  aliquots  and  subjected  to  im munoprecipi ta tion  with  the  indicated 
antibodies.  (-)  The  immunoprecipitation  control  (no  antibody  was  used).  Cointmunoprecipitation  of  the  TORC  components  was 
detected  by  specific  antibodies  as  indicated.  (B)  hSinl  is  present  in  a  large-molecular-weight  complex  including  mTOR  and  Rictor. 
HeLa  cells  were  lysed  in  CHAPS  buffer.  Total  cell  lysates  were  fractionated  by  a  Superose  12  Prep  Grade  Column.  "C"  indicates  the 
whole-cell  lysates  before  fractionation  as  a  control.  Numbers  1 1-24)  at  the  bottom  of  the  panel  indicate  fractionation  numbers.  Elution 
peaks  of  molecular  weight  standard  are  labeled  at  top  of  the  panels.  (C)  mTOR  interacts  with  transfected  HA-hSinl.  HA-hSinl  or 
HA-Raptor  was  transfected  into  HEK293  cells,  and  the  transfected  cells  were  lysed  in  either  NP40  (1%)  or  CHAPS  (0.3%)  buffer  as 
indicated.  Samples  were  immunoprecipitated  by  an  mTOR  antibody  (IP  mTOR)  as  indicated.  For  the  immunoprecipitation  compe¬ 
tition  (compt),  1  pg  of  mTOR-peptide  was  added  to  the  lysates  prior  to  the  addition  of  the  mTOR  antibody.  The  immunoprecipitated 
samples  were  probed  with  mTOR,  Rictor,  and  HA  antibodies,  (d)  The  interaction  between  hSinl  and  mTOR  requires  Rictor.  MYC- 
mTOR,  MYC-Rictor,  MYC-Raptor,  and  HA-hSinl  were  cotransfected  into  HEK293  cells  as  indicated.  Cells  were  lysed  in  CHAPS 
buffer  and  immunoprecipitated  with  HA  antibody.  HA  and  MYC  antibodies  were  used  to  determine  the  protein  levels.  (E)  hSinl  is 
required  for  TORC2  integrity,  HEK293  cells  were  transfected  with  hSinl  siRNA  in  duplicate  where  indicated.  After  harvesting,  cell 
lysates  were  subjected  to  immunoprecipitation  with  either  mTOR  or  Rictor  antibody,  followed  by  Western  blotting  with  antibodies 
against  TORC  components. 


tated  by  the  hSinl  antibody  itself  (Fig.  3 A;  Supplemen¬ 
tary  Fig.  S5A).  Similarly,  the  amount  of  Rictor  coprecipi¬ 
tated  by  hSinl  was  not  much  less  than  that  precipitated 
by  the  Rictor  antibody  itself,  However,  the  amount  of 
hSinl  and  Rictor  coprecipitated  by  mTOR  were  less  than 
that  precipitated  by  their  respective  antibodies.  This 
could  be  due  to  less-efficient  immunoprecipitation  by 
the  mTOR  antibody  or  a  relatively  weak  interaction  be¬ 
tween  mTOR  and  hSinl  or  Rictor.  Based  on  these  coim- 
munoprecipitation  data,  we  conclude  that  hSinl  is  a 
genuine  component  of  TORC2,  and  is  not  present  in 
TORC1. 

To  further  support  the  notion  that  hSinl  is  a  genuine 
component  of  TOR  complex,  gel-filtration  experiments 
using  both  HeLa  and  HEK293  cell  lysates  were  per¬ 
formed  to  examine  the  association  of  hSinl  with  the 
other  TORC  components.  We  found  that  the  majority  of 
endogenous  hSinl  protein  in  HeLa  cells  coeluted  with 
mTOR  and  Rictor  as  a  high-molecular  complex,  while  a 
small  portion  of  hSinl  eluted  as  a  monomer  in  the  pre¬ 
dicted  57-KD  fraction  (Fig.  3B).  Similarly,  mTOR,  Rictor, 


and  Raptor  were  coeluted  as  a  high-molecular  complex. 
As  a  control,  most  of  the  S6K1  protein  in  the  lysates  was 
detected  in  the  fractions  around  70  KD.  Interestingly,  a 
small  amount  of  S6K  coeluted  with  mTOR,  consistent 
with  an  association  between  S6K  and  TORC1.  We  ob¬ 
tained  similar  results  using  HEK293  cell  lysates  |data  not 
shown).  Together,  these  data  support  that  hSinl  is  a  sub¬ 
unit  of  the  TOR  complex  under  physiological  condi¬ 
tions. 

We  performed  additional  transfection  experiments  to 
verify  the  interaction  between  hSinl  and  mTOR.  HA- 
hSinl  and  HA-Raptor  were  transfected  into  HEIC293 
cells.  Immunoprecipitation  of  endogenous  mTOR  was 
perfonned  with  an  mTOR  antibody  in  two  different  lysis 
buffers,  NP40  and  CHAPS  buffer.  HA-hSinl  was  specifi¬ 
cally  coimmunoprecipitated  by  mTOR  regardless  of  the 
detergent  conditions  (Fig.  3C).  As  expected,  mTOR  also 
coprecipitated  both  HA-Raptor  and  endogenous  Rictor  in 
the  CFLAPS  buffer.  Antibody  competition  by  the  mTOR 
peptide  in  the  immunoprecipitations  completely  abol¬ 
ished  the  mTOR  immunoprecipitation  as  well  as  the  co- 
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precipitated  HA-hSinl,  Rictor,  and  HA-Raptor,  demon¬ 
strating  the  specificity  of  the  coimmunoprecipitations.  It 
is  worth  noting  that  tire  amount  of  HA-hSinl  coprecipi¬ 
tated  with  nrTOR  was  significantly  less  than  the  HA- 
Raptor  control.  However,  this  difference  was  likely  due 
to  the  relatively  low  level  of  HA-hSinl  expression,  as 
indicated  by  the  HA  Western  blot  of  the  cell  lysates 
(Fig.  3C). 

Endogenous  nrTOR  immunoprecipitates  hSinl  (Fig. 
3A,C;  Supplementary  Fig.  S5A),  but  it  is  not  clear 
whether  Rictor  is  required  for  the  interaction  between 
nrTOR  and  hSinl .  To  address  this  question,  we  per¬ 
formed  HA-hSinl  inrmunoprecipitations  when  TORC 
components  were  overexpressed  in  HEIC293  cells.  HA- 
hSinl  coprecipitated  MYC-Rictor/MYC-mTOR,  but  not 
MYC-Raptor/MYC-nrTOR  (Fig.  3D).  In  the  absence  of 
MYC-Rictor  coexpression,  HA-hSinl  coprecipitated 
little  MYC-nrTOR.  These  data  indicate  that  Rictor  is 
important  for  the  interaction  between  hSinl  and  mTOR, 
consistent  with  the  observed  strong  interaction  between 
hSinl  and  Rictor  (Fig.  3A;  Supplementary  Fig.  S5A).  The 
lack  of  interaction  between  HA-hSinl  and  MYC-nrTOR 
in  the  absence  of  MYC-Rictor  cotransfection  could  be 
due  to  the  fact  that  the  endogenous  Rictor  level  is  lim¬ 
ited. 

To  determine  the  function  of  hSinl  in  TORC2  com¬ 
plex  formation,  hSinl  was  knocked-down  by  RNAi  in 
HEK293  cells.  Endogenous  mTOR  or  Rictor  was  inrnru- 
noprecipitated,  and  the  coprecipitated  TORC  compo¬ 
nents  were  analyzed  by  Western  blotting.  We  found  that 
knockdown  of  hSinl  significantly  decreased  the  copre¬ 
cipitation  between  Rictor  and  mTOR  but  had  no  effect 
on  the  coprecipitation  between  Raptor  and  mTOR  (Fig. 
3E).  These  data  support  that  hSinl  is  essential  for  the 
integrity  of  TORC2.  In  other  words,  when  hSinl  protein 
is  reduced,  the  interaction  between  nrTOR  and  Rictor  is 
significantly  compromised. 

Interestingly,  hSinl  knockdown  caused  a  significant 
increase  of  Rictor  electrophoretic  mobility,  indicative  of 
Rictor  dephosphorylation  (Fig.  3E;  Supplementary  Fig. 
S5B),  suggesting  that  hSinl  may  modulate  Rictor  phos¬ 
phorylation.  \-phosphatase  treatment  increased  the  mo¬ 
bility  of  both  hSinland  Rictor  on  SDS-PAGE  (Supple¬ 
mentary  Fig.  S5C),  demonstrating  that  the  mobility  shift 
was  indeed  caused  by  phosphorylation.  Our  results  also 
indicate  that  the  dephosphorylated  Rictor  may  have  a 
weaker  affinity  for  nrTOR  binding.  To  test  this  hypoth¬ 
esis,  we  examined  the  Rictor  protein  precipitated  by  the 
Rictor  antibody  and  those  coprecipitated  by  the  mTOR 
antibody.  A  gradient  gel  was  used  to  better  resolve  the 
difference  (Supplementary  Fig.  S5B).  Our  data  clearly 
showed  that  the  Rictor  antibody  precipitated  both  the 
hypo-  and  hyperphosphorylated  Rictor  proteins  (Fig.  3E; 
Supplementary  Fig.  S5B).  In  contrast,  the  mTOR  anti¬ 
body  preferentially  coprecipitated  the  hyperphosphory¬ 
lated  Rictor  (the  slow  migrating  form).  These  data  sug¬ 
gest  that  Rictor  phosphorylation  may  modulate  its  inter¬ 
action  with  mTOR  and,  more  importantly,  hSinl  may 
facilitate  TORC2  complex  formation  by  stimulating  Ric¬ 
tor  phosphorylation.  In  addition,  we  also  observed  that 


mTOR  preferentially  coprecipitated  the  slow  migrating 
hSinl  (Fig.  3E;  Supplementary  Fig.  S5B),  indicating  that 
the  phosphorylation  of  hSinl  may  also  modulate  its  in¬ 
teraction  with  mTOR.  Alternatively,  it  is  possible  that 
both  hSinl  and  Rictor  are  phosphorylated  by  mTOR 
when  they  are  in  the  TORC2  complex. 

QRT-PCR  demonstrated  that  RNAi  decreased  hSinl 
rnRNA  >90%  (Supplementary  Fig.  S2C).  Western  blot¬ 
ting  with  the  hSinl  antibody  confirmed  the  effectiveness 
of  the  hSinl  RNAi  (Figs.  2A,B,  3E,  4A).  Interestingly, 
hSinl  protein  levels  were  also  dramatically  decreased  in 
Rictor  knockdown  cells.  In  fact,  the  reduction  of  hSinl 
protein  by  Rictor  RNAi  (with  no  significant  change  of 
the  hSinl  mRNA  level)  (Supplementary  Fig.  S2B)  was 
comparable  to  the  reduction  caused  by  hSinl  RNAi. 
mTOR  knockdown  also  decreased  hSinl  protein  levels, 
although  to  a  lesser  degree.  These  results  are  consistent 
with  the  notion  that  hSinl  protein  levels  depend  on  Ric¬ 
tor  and  mTOR,  suggesting  that  hSinl  is  stabilized  by 
being  in  the  TORC2  complex.  The  decrease  of  hSinl 
protein  caused  by  Rictor  and  mTOR  knockdown  further 
supports  our  model  that  hSinl  is  an  integral  subunit  of 
mTORC2  and  functions  mainly  in  TORC2  in  vivo. 

hSinl  is  important  for  TORC2  kinase  activity 

It  has  been  reported  that  TORC2  directly  phosphorylates 
Ser473  of  Akt  (Sarbassov  et  al.  2005).  We  tested  the  ef¬ 
fects  of  hSinl  knockdown  on  the  TORC2  kinase  activity 
in  vitro,  HeLa  cells  were  treated  with  siRNAs  targeting 
GFP  (control),  mTOR,  Rictor,  hSinl,  and  Raptor.  mTOR 
was  immunoprecipitated  and  in  vitro  kinase  assays  were 
performed  using  purified  Akt  as  a  substrate.  We  found 
that  immunoprecipitated  mTOR  phosphorylated  Akt  on 
Ser473  but  not  on  Thr308  (Fig.  4A).  Knockdown  of 
mTOR,  Rictor,  and  hSinl  decreased  the  TORC2  kinase 
activity  toward  Ser473  of  Akt.  In  contrast,  knockdown  of 
Raptor  had  no  effect  on  the  kinase  activity  toward 
Ser473  of  Akt.  Similar  experiments  were  performed  with 
Rictor  immunoprecipitation.  hSinl  knockdown  almost 
completely  eliminated  the  Rictor-associated  kinase  ac¬ 
tivity  as  did  the  mTOR  and  Rictor  knockdown  (Fig.  4A). 
Parallel  experiments  were  performed  using  dephosphory¬ 
lated  recombinant  S6IC  as  a  substrate  to  assay  TORC1 
activity.  As  expected,  immunoprecipitated  mTOR  phos¬ 
phorylated  S6K  in  vitro  and  this  kinase  activity  was  di¬ 
minished  by  mTOR  knockdown  (Supplementary  Fig. 
S6),  However,  knockdown  of  neither  Rictor  nor  hSinl 
inhibited  the  mTOR  kinase  activity  toward  S6IC  (TORC1 
activity)  in  vitro,  consistent  with  the  fact  that  they  are 
not  components  of  TORC1.  These  results  provide  strong 
in  vitro  biochemical  evidence  to  support  the  idea  that 
hSinl  is  required  for  TORC2  to  phosphorylate  Ser473  of 
Akt,  but  it  is  dispensable  for  TORC1  to  phosphorylate 
Thr389  of  S6K. 

To  directly  demonstrate  that  hSinl  associates  with 
TORC2  kinase  activity,  we  assayed  the  HA-hSinl  im¬ 
munoprecipitation  from  HEK293  cells.  Both  purified 
GST-Akt  from  HEK293  cells  and  Akt  from  insect  cells 
were  used  as  substrates  in  the  in  vitro  kinase  reactions. 
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Figure  4.  hSinl  is  important  for  TORC2  kinase  activity.  [A]  hSinl  is  indispensable  for  TORC2  kinase  activity  in  vitro.  HeLa  cells 
were  transfected  with  each  indicated  siRNA  and  lysed  in  CHAPS  buffer.  "C"  denotes  control  siRNA  targeting  CFP.  mTOR  and  Rictor 
IPs  were  performed  as  indicated.  Dephosphorylatec!  Akt  (Upstate  Biotechnology,  from  insect  cells)  was  used  as  a  substrate  for  the  in 
vitro  TORC2  kinase  assay.  Phosphorylation  of  Akt  was  first  determined  by  the  phospho-Akt(S473)  antibody,  and  then  reprobed  by  the 
phospho-Akt|T308)  antibody  after  low  pH  stripping.  Note  that  the  pAkt|T30R)  blot  had  a  very  long  exposure  time  and  only  shows  the 
background  signal.  A  small  fraction  of  the  kinase  reactions  was  blotted  with  Akt  antibody  for  protein  levels.  |fl)  hSinl  directly 
precipitates  active  TORC2  kinase.  HEK293  cells  were  transfected  with  indicated  plasmids,  lysed  in  CHAPS  buffer,  and  immunopre- 
cipitated  with  HA  antibody.  Purified  GST-Akt  (from  HEK293  cells)  and  the  dephosphorylatcd  Akt  (Upstate  Biotechnology)  were  used 
as  substrates  for  the  kinase  assays.  The  phosphorylation  of  the  Akt  substrates  was  determined  by  Western  blotting  with  phospho- 
specific  antibody  as  indicated.  Protein  levels  were  determined  by  HA,  MYC,  GST,  and  Akt  antibodies.  (C)  hSinl  is  required  for 
insulin-stimulated  TORC2  activity.  HeLa  cells  were  transfected  with  various  siRNAs  as  indicated.  Cells  were  stimulated  with  insulin 
(100  nM,  15  min)  and  lysed  in  CHAPS  buffer.  In  vitro  kinase  assay  of  immunoprecipitated  mTOR  was  performed  using  dephosphory- 
lated  Akt  as  a  substrate.  (D)  Insulin  stimulation  does  not  alter  TORC2  integrity.  HeLa  cells  were  serum-starved  overnight  before  being 
treated  with  insulin  (100  nM,  15  min).  Cells  were  harvested  with  CHAPS  buffer  and  the  lysates  were  subjected  to  Rictor  immuno- 
precipitation.  TORC2  kinase  activity  was  assayed  using  dephosphorylated  Akt  as  a  substrate. 


In  the  presence  of  MYC-mTOR  and  MYC-Rictor,  immu¬ 
noprecipitated  HA-hSinl  complex  phosphorylated 
Ser473  of  both  Akt  substrates  (Fig.  4B).  When  MYC-Ric- 
tor  was  replaced  by  MYC-Raptor  in  the  transfection,  HA- 
hSinl  failed  to  precipitate  kinase  activity  toward  Scr473 
of  Akt. 

We  next  examined  the  effects  of  Rictor  and  hSinl  on 
TORC2  activity  in  response  to  insulin  stimulation. 
HeLa  cells  were  treated  with  insulin  and  endogenous 
mTOR  (Fig.  4C)  or  Rictor  (Fig.  4D)  was  immunoprecipi¬ 
tated,  and  the  kinase  activity  was  assayed  in  vitro.  We 
observed  that  insulin  increased  TORC2  kinase  activity 
toward  Akt,  whereas  the  interaction  among  the  TORC2 
components  was  not  significantly  affected  by  insulin 
stimulation  (Fig.  4C,D).  Knockdown  of  mTOR,  Rictor,  or 
hSinl  significantly  attenuated  the  insulin-stimulated 
TORC2  kinase  activity  assayed  in  vitro.  In  contrast, 
knockdown  of  Raptor  did  not  decrease  TORC2  kinase 
activity. 

Functional  role  of  hSinl  in  cytoskeletal  organization 
and  apoptosis 

It  has  been  well  established  that  the  yeast  TOR  genes  are 
involved  in  the  regulation  of  actin  organization  (Schmidt 
et  al.  1996).  Recently,  the  mammalian  TORC2  has  also 
been  implicated  in  the  regulation  of  cytoskeletal  struc¬ 


ture  and  actin  organization  (Jacinto  et  al.  2004;  Sarbassov 
et  al.  2004).  To  further  support  the  role  of  hSinl  in 
TORC2  function,  we  stained  F-actin  (with  rhodamine- 
conjugated  phalloidin)  in  HeLa  cells  with  knockdown  of 
different  TORC  components.  As  previously  reported 
(Sarbassov  et  al.  2004),  in  mTOR  knockdown  cells  actin 
fibers  were  present  in  the  whole  cell,  while  in  control 
RNAi-treated  cells,  they  were  mainly  localized  in  the 
cell  cortex  (Fig.  5A).  We  discovered  that  knockdown  of 
hSinl  increased  actin  fibers  in  the  cytoplasm.  Similarly, 
Rictor  knockdown  also  increased  actin  fibers  in  the  cy¬ 
toplasm.  In  cells  with  knockdown  of  mTOR,  Rictor,  or 
hSinl,  the  actin  fibers  were  no  longer  restricted  to  the 
cell  cortex.  In  contrast,  Raptor  knockdown  promoted  ac¬ 
tin  fibers  accumulation  in  the  cell  cortex,  but  the  cells 
clearly  showed  fewer  actin  fibers  throughout  the  cyto¬ 
plasm  than  those  with  either  hSinl  or  Rictor  knock¬ 
down.  Our  results  are  consistent  with  the  observations 
reported  previously  (Sarbassov  et  al.  2004)  and  further 
support  our  model  that  hSinl  is  a  genuine  component  of 
TORC2. 

Akt  activity  is  known  to  play  an  important  role  in 
inhibiting  apoptosis  (Brazil  et  al.  2004).  Cells  with  re¬ 
duced  Akt  activity  often  display  high  sensitivity  to  apo¬ 
ptosis  inducers.  We  examined  the  effect  of  hSinl  knock¬ 
down  on  apoptosis  in  HeLa  cells  in  response  to  etopo- 
side,  a  potent  apoptosis  inducer.  We  observed  that  hSinl 
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Figure  5.  hSinl  plays  a  role  in  actin  organization  and  cell  survival.  [A]  hSinl  RNAi  displays  similar  actin  fiber  organization  as  Rictor 
RNAi.  HeLa  cells  were  transfected  with  siRNA  against  GFP  control  (a),  mTOR  (b),  Rictor  (c),  hSinl  (d),  and  Raptor  (e).  Thirty-six  hours 
post-transfection,  cells  were  serum-starved  for  1 2  h,  followed  by  insulin  stimulation  (200  nM,  30  min)  before  fixation.  F-actin  (red)  and 
nucleus  (blue)  were  visualized  under  confocal  microscope  (bars,  10  pm).  The  column  chart  shows  the  quantification  results  of  the 
change  on  cellular  F-actin  organization.  For  each  knockdown,  three  sample  groups  were  counted.  Cells  were  divided  into  three 
categories  based  on  F-actin  staining:  those  with  few  stress  fibers  (<20%  of  the  cell  area,  open  bars),  those  with  intense  cytoplasmic 
stress  fibers  (filled  bars),  and  those  with  strong  F-actin  in  the  cortex  (hatched  bars).  Quantification  was  determined  by  visual  counting 
of  confocal  images.  (B)  hSinl  knockdown  sensitizes  cells  to  apoptosis.  HeLa  cells  were  transfected  with  either  hSinl  or  GFP  (control) 
siRNA.  Cells  were  treated  with  15  pg/mL  etoposide  at  9,  6,  and  3  h  prior  to  harvesting;  lysed  in  NP40  buffer;  and  analyzed  by  Western 
blotting.  PARP  antibody  was  used  to  detect  both  full-length  and  cleaved  PARP.  Caspasc-3  antibody  and  caspase-3  (Asp  175)  antibody 
were  used  to  detect  procaspase-3  (full  length]  and  cleaved  caspase-3,  respectively.  Phosphorylation  of  BAD  was  determined  by  phospho- 
specific  antibody  as  indicated.  Note  that  the  hSinl  RNAi  treatment  at  T»  0  is  shorter  than  the  other  experiments  because  the  cells 
were  treated  with  etopside  for  additional  hours.  This  may  explain  a  lack  of  effect  of  hSinl  RNAi  on  BAD  phosphorylation.  Addition¬ 
ally,  BAD  can  be  phosphorylated  by  other  kinases  besides  Akt. 


knockdown  increased  the  sensitivity  to  etoposide,  as 
judged  by  the  increase  of  caspase-3  cleavage  and  PARP 
cleavage,  both  of  which  are  well-characterized  apoptosis 
markers  (Fig.  5B).  Since  the  basal  level  of  Akt  phosphory¬ 
lation  could  not  be  accurately  detected  (Fig.  2A),  we  de¬ 
cided  to  examine  the  phosphorylation  of  BAD  on  Serl36. 
It  is  well  established  that  Akt  phosphorylates  BAD  on 
Serl36  to  inhibit  apoptosis.  Phosphorylation  of  BAD  was 
indeed  decreased  by  hSinl  knockdown  (Fig.  5B).  These 
observations  are  consistent  with  the  decreased  Akt  ac¬ 


tivity  observed  in  hSinl  knockdown  cells  and  support  a 
positive  role  of  hSinl  in  Akt  activation. 

Rictor  knockout  diminishes  Akt  phosphorylation 

The  evidence  for  TORC2  involvement  in  Akt  regulation 
is  largely  based  on  RNAi-mediated  knockdown  in  cul¬ 
tured  cells  and  in  vitro  biochemical  studies.  Phosphory¬ 
lation  of  Akt  on  Ser473  is  reduced,  but  not  eliminated,  in 
Rictor  knockdown  cells.  We  created  Rictor  knockout 
mice  to  determine  the  function  of  Rictor  in  Akt  activa- 
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tion  in  vivo.  The  Rictor  knockouts  were  derived  from  an 
embryonic  stem  (ES)  cell  that  contains  an  insertion  of 
both  p-galactosidase  and  neomycin  genes  in  intron  3  of 
the  Rictor  gene  (Supplementary  Fig.  S7A).  This  insertion 
truncates  Rictor  protein  at  amino  acid  residue  65,  and 
therefore  inactivates  Rictor. 

We  failed  to  obtain  homozygous  Rictor  mice,  dem¬ 
onstrating  that  Rictor  knockout  is  embryonic  lethal.  We 
found  that  Rictor''  embryos  die  around  embryonic  day 
10.5-12.5  (E10.5-E12.5|  (detailed  analysis  of  Rictor 
knockout  requires  further  studies  and  will  be  described 
elsewhere).  To  determine  the  critical  role  of  Rictor  in 
Akt  phosphorylation,  we  examined  Rictor~'~  embryos. 
We  found  that  the  Rictor embryos  had  no  detectable 
Akt  phosphorylation  on  Ser473  (Fig.  6A).  As  expected, 
phosphorylation  of  S6K  and  S6  was  not  decreased  in  Ric¬ 
tor''  embryos.  These  results  unequivocally  demon¬ 
strate  that  Rictor  plays  an  essential  role  in  Akt  phos¬ 
phorylation  and  is  the  long-sought  kinase  responsible  for 
Ser473  phosphorylation  in  the  hydrophobic  region.  Inter¬ 
estingly,  phosphorylation  of  Akt  on  Thr308  in  E8.5  Ric¬ 
tor'-  embryos  was  reduced  but  not  eliminated.  In  E9.5 
Rictor '~  embryos,  the  Thr308  phosphorylation  of  Akt 
was  greatly  decreased,  an  observation  consistent  with 
our  in  vivo  RNAi  knockdown  data  in  cultured  cells. 
However,  the  decrease  in  Akt  Thr308  phosphorylation 
was  less  dramatic  in  later-stage  embryos  (data  not 
shown).  These  data  indicate  that  Rictor  may  have  a  posi¬ 
tive,  though  not  direct  role  in  the  phosphorylation  of 
Thr308.  Sinl  protein  levels  were  unchanged  in  the  E8.5 
Rictor  knockout  embryos.  However,  in  Rictor '~  E9.5 
embryos,  Sinl  protein  levels  varied  from  a  slight  de¬ 
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Figure  6.  Rictor  knockout  inhibits  Akt  phosphorylation.  |A| 
Akt  phosphorylation  but  not  S6K1  phosphorylation  is  inhibited 
in  Rictor  knockout.  Rictor  knockout  embryos  from  heterozy¬ 
gous  intercrosses  at  E8.5E9.5  were  dissected.  At  the  age  of  either 
E8.5  or  E9.S,  one  wild-type  (+/+),  one  homozygous  knockout 
(-/-),  and  two  heterozygous  (+/-]  embryos  were  analyzed  by 
Western  blotting  for  phosphorylation  and  protein  levels  as  in¬ 
dicated.  (B)  Decreased  hSinl  protein  levels  in  Rictor  knockout 
embryos.  Samples  were  prepared  as  described  in  A.  Each  group 
of  wild-type  and  knockout  samples  was  prepared  at  the  same 
time  and  analyzed  by  Western  blotting  in  the  same  panel.  Dif¬ 
ferent  sample  groups  were  collected  at  different  times.  (C)  De¬ 
creased  Akt  phosphorylation  in  the  liver  tissues  of  Rictor'1' 
heterozygous  knockout  mice.  The  mice  liver  tissues  were  col¬ 
lected  at  2  wk  of  age.  Samples  from  two  wild- type  (+/+)  and  two 
heterozygous  (+/-)  mice  were  analyzed  by  both  Western  blotting 
( top  two  panels)  and  PCR  genotyping  (bottom  two  panels). 


crease  to  a  dramatic  reduction  (Fig.  6B).  Passible  expla¬ 
nations  for  the  variations  could  be  that  the  embryos  were 
different  in  genetic  background  and/or  the  degradation 
machinery  for  Sinl  develops  around  E9.5.  As  a  conse¬ 
quence,  a  small  change  of  the  embryo  age  may  result  in 
a  dramatic  effect  on  Sinl  protein  levels.  Together,  these 
data  support  our  observations  in  the  cultured  cell  sys¬ 
tems  that  Rictor  stabilizes  Sinl  protein. 

Phosphorylation  of  putative  Akt  substrates  in  Ric- 
tor' ''  embryos  was  analyzed  by  Western  blotting  with 
the  phospho-Akt  substrate  antibody  (Supplementary  Fig. 
S7B).  Our  data  show  that  phosphorylation  of  multiple 
proteins  was  decreased  in  the  Rictor '~  embryos,  indicat¬ 
ing  that  Akt  kinase  activity  decreased  in  vivo.  These 
observations  further  demonstrate  that  TORC2  plays  a 
critical  role  in  Akt  activation  in  vivo. 

To  further  determine  the  role  of  Rictor  in  Akt  phos¬ 
phorylation,  we  measured  Akt  phosphorylation  in  the 
liver  of  Rictor  heterozygous  mice.  Western  blotting  of 
Rictor tissues  indicated  that  the  heterozygotes  had  a 
detectable  decrease  in  Akt  phosphorylation  on  Ser473 
(Fig.  6C).  This  observation  indicates  Rictor  haploinsuffi- 
ciency  in  Akt  phosphorylation.  The  data  obtained  with 
Rictor  knockout  studies  demonstrate  that  Rictor  is  es¬ 
sential  for  Akt  Ser473  phosphorylation  in  vivo. 

Discussion 

The  biological  importance  of  mTORC2  is  appreciated  by 
the  finding  that  it  is  the  long-sought  kinase  that  plays  a 
critical  role  in  Akt  phosphorylation  and  activation  (Sar- 
bassov  et  al.  2005).  Three  components  of  mTORC2,  in¬ 
cluding  mTOR,  Rictor,  and  mLSTS,  have  been  charac¬ 
terized  and  all  of  them  are  structurally  and  functionally 
conserved  in  eukaryotes  from  yeast  to  mammalian  cells 
(Wullschleger  et  al.  2006).  Hall's  group  (Loewith  et  al. 
2002)  originally  identified  more  components  in  TORC2, 
including  Avol  and  Avo2.  In  addition,  Rip3,  an  Avol 
homolog  in  Dictyostelium,  has  recently  been  found  to  be 
an  essential  component  of  TORC2  (Lee  et  al.  2005).  Bit61 
was  also  reported  as  another  component  of  TORC2 
(Wullschleger  et  al.  2005).  Therefore,  it  is  reasonable  to 
speculate  that  mTORC2  has  other  components  in  addi¬ 
tion  to  the  three  known  ones.  The  existence  of  higher 
eukaryotic  homologs  of  Avo2  and  Bit61  is  not  apparent 
based  on  sequence  analysis.  In  contrast,  hSinl  could  be 
identified  as  a  potential  homolog  of  yeast  Avol,  based  on 
the  very  limited  sequence  similarity.  However,  previous 
studies  had  indicated  that  hSinl  is  not  a  mammalian 
TORC2  component  (Loewith  et  al.  2002). 

In  this  study,  we  have  presented  convincing  biochemi¬ 
cal  and  cell  biological  data  demonstrating  that  hSinl  is  a 
genuine  component  of  mTORC2  and  is  essential  for  the 
mTORC2  complex  formation.  This  conclusion  is  sup¬ 
ported  by  the  following  observations:  Endogenous  hSinl 
can  be  readily  coprecipitated  by  both  mTOR  and  Rictor 
under  physiological  conditions.  hSinl  is  detected  in 
mTORC2  but  absent  in  mTORCl.  hSinl  coelutes  with 
mTOR  in  gel-filtration  chromatography.  Transfected 
HA-hSinl  shows  an  interaction  with  transfected  mTOR 
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iii  a  Rictor-depeiident  manner.  Knockdown  of  hSinl  dis¬ 
rupts  the  mTORC2  complex  formation.  In  addition, 
knockdown  of  Rictor,  but  not  Raptor,  dramatically  de¬ 
creases  hSinl  protein  levels.  Furthermore,  hSinl  knock¬ 
down  inhibits  Rictor  phosphorylation  and  also  decreases 
Rictor  protein  levels.  These  data  establish  hSinl  as  an 
integral  subunit  of  TORC2  and  support  an  important 
function  of  hSinl  in  TORC2  complex  formation.  It  is 
worth  noting  that  both  Avol  (Sinl  homolog)  and  Avo3 
(Rictor  homolog)  are  important  for  TORC2  complex  for¬ 
mation  in  yeast  (Loewith  et  al.  2002;  Wullschleger  et  al. 
2005).  The  TORC2  complex  is  disrupted  in  either  AVOl 
or  A V03  knockout  yeast,  indicating  structural  and  func¬ 
tional  conservation  of  TORC2  components. 

By  examining  Akt  phosphorylation,  we  show  that 
hSinl  is  required  for  the  phosphorylation  of  Akt  on  Ser 
473,  the  TORC2  site,  in  cultured  cells.  In  addition,  hSin  1 
knockdown  significantly  decreases  the  ability  of  immu- 
noprecipitated  mTOR  to  phosphorylate  Akt  in  vitro. 
Moreover,  hSinl  can  immunoprecipitate  TORC2  kinase 
activity.  These  observations  establish  the  functional  im¬ 
portance  of  hSinl  in  TORC2  activity  and  Akt  phos¬ 
phorylation.  Finally,  similar  to  the  results  observed  with 
Rictor  RNAi,  hSinl  knockdown  also  inhibits  the  phos¬ 
phorylation  of  Akt  on  the  PDK1  site,  Thr308;  however, 
this  site  is  not  directly  phosphorylated  by  TORC2.  It  is 
possible  that  the  phosphorylation  of  Ser473  facilitates 
the  phosphorylation  of  Thr308  in  Akt.  Alternatively,  but 
not  exclusively,  TORC2  may  positively  contribute  to 
PDK1  function.  Future  studies  are  necessary  to  clarify 
the  relationship  between  Thr308  and  Ser473  phosphory¬ 
lation.  By  all  the  criteria  examined,  hSinl  functions 
similarly  to  Rictor  as  a  key  component  of  TORC2  that  is 
essential  for  Akt  phosphorylation  on  Ser4-73.  Knock¬ 
down  of  hSinl  decreases  Rictor  phosphorylation  and  its 
association  with  mTOR.  This  observation  suggests  that 
phosphorylation  of  Rictor  may  depend  on  hSinl  and 
TORC2  activity.  It  is  reasonable  to  speculate  that  hSinl 
may  serve  as  the  signal-receiving  component  in  TORC2. 

We  propose  that  the  hSinl  protein  is  stabilized  in  TORC2, 
especially  by  its  interaction  with  Rictor.  Reciprocally,  hSinl 
also  contributes  to  Rictor  stability.  In  tire  absence  of  TORC2, 
such  as  in  Rictor  knockdown  cells,  hSinl  protein  de¬ 
creases  dramatically.  Knockdown  of  mTOR  also  decreases 
hSinl  protein  levels,  although  the  effect  is  much  less 
dramatic  than  that  caused  by  Rictor  knockdown.  Cur¬ 
rently,  we  cannot  formally  exclude  the  possibility  that 
TORC2  (or  Rictor)  modulates  hSinl  translation,  thereby 
affecting  hSinl  protein  levels.  Interestingly,  Sinl  protein 
levels  are  also  decreased  to  varying  degrees  in  E9.5  Ric- 
tor~h  embryos.  It  is  possible  that  the  hSinl  degradation 
mechanism/machinery  is  not  present  in  early  embryos 
and  develops  around  E9.5  during  embtyogenesis.  The 
Rictor  knockout  results  further  support  our  model  that 
hSinl  is  stabilized  by  complex  formation  with  Rictor. 

The  importance  of  Rictor  in  Akt  phosphorylation  is 
confirmed  by  our  Rictor  knockout  experiments.  Our  re¬ 
sults  show  that  the  Rictor  dependent-kinase  is  the  pri¬ 
mary  (perhaps  sole)  hydrophobic  kinase  for  Akt  in  devel¬ 
oping  embryos.  Therefore,  TORC2  may  be  the  primary 


kinase  responsible  for  the  phosphorylation  of  Akt  on  the 
hydrophobic  site.  However,  we  cannot  exclude  the  pos¬ 
sibility  that,  in  addition  to  mTOR,  Rictor  may  associate 
with  another  kinase  that  can  also  phosphorylate  Ser473 
in  Akt.  It  is  also  possible  that  in  addition  to  TORC2, 
another  kinase(s)  may  phosphorylate  Ser473  during  the 
late  stages  of  development  or  in  adult  animals.  Although 
our  Rictor  knockout  confirms  a  critical  role  of  Rictor  in 
Akt  phosphorylation  on  Ser473,  the  requirement  of  Ric¬ 
tor  for  Akt  Thr30S  phosphorylation  is  less  clear.  RNAi 
knockdown  experiments  in  cultured  mammalian  cells 
show  that  Rictor  is  also  important  for  Akt  Thr30S  phos¬ 
phorylation.  Identical  results  are  obtained  with  hSinl 
knockdown.  However,  the  effect  of  Rictor  knockout  on 
Akt  Thr308  phosphorylation  may  be  developmental 
stage  dependent.  We  propose  that  both  Rictor  and  hSinl 
play  a  physiological,  though  indirect  role,  in  the  phos¬ 
phorylation  of  Thr308  in  the  activation  loop  of  Akt. 
Also,  TORC2  may  positively  contribute  to  PDK1  activ¬ 
ity  regulation.  Based  on  the  Thr308  phosphorylation  re¬ 
sults  of  the  E8.5  embryos,  one  may  speculate  that  com¬ 
pensation  occurs  in  the  early  stage  Rictor knockout 
embryos,  thus  reducing  the  dependency  of  Akt  Thr308 
phosphorylation  on  TORC2. 

In  summary,  this  report  establishes  that  both  hSinl 
and  Rictor  are  essential  components  of  TORC2  and  are 
required  for  the  assembly  and  function  of  TORC2.  We 
also  show  that  hSinl  plays  an  important  role  in  Akt 
phosphorylation.  Therefore,  mutation  or  uncontrolled 
activation  of  hSinl  could  result  in  dysregulation  of  Akt 
and  possibly  cause  abnormalities  in  cell  growth  and  ap¬ 
optosis,  leading  to  tumor  formation.  Finally,  we  con¬ 
clude  that  Rictor,  hence  TORC2,  plays  an  essential  role 
in  Akt  Ser473  phosphorylation  and  activity  during  em¬ 
bryonic  development. 

Materials  and  methods 

Plasmids,  antibodies,  and  chemicals 

pSRa-3HA-hSinl  was  a  kind  gift  from  Dr.  Bing  Su  (MD  Ander¬ 
son  Cancer  Center,  Houston,  TX).  Other  plasmid  DNAs  were 
described  previously  (Yang  et  al.  2006).  Phospho- Drosophila 
Akt  (Ser505),  phospho-Drosophila  S6K  (Thr398),  phospho-Akt 
(Ser473),  phspho-Akt  |Thr308),  phospho-GSK3$  (Ser9),  phos- 
pho-S6Kl  (Thr389),  phospho-S6Kl  (Thr421/Ser424),  phospho-S6 
|Ser235/Ser236),  phospho-Akt  substrate,  Akt,  S6K1,  GSK3J3,  S6, 
mTOR  (used  for  Western  blotting),  Raptor,  PARP,  caspasc-3, 
cleaved  caspase-3  (Aspl  75),  and  phospho-BAD  (Ser  136)  antibod¬ 
ies  were  from  Cell  Signaling.  Drosophila  S6K  antibody  was 
kindly  provided  by  Dr.  Mary  Stewart  (North  Dakota  State  Uni¬ 
versity,  Fargo,  ND]  and  the  hSinl  antibody  was  kindly  provided 
by  Dr.  Bing  Su.  mTOR  antibody,  used  in  immunoprecipitation, 
was  purchased  from  Santa  Cruz  Biotechnology.  Rictor  antibody 
was  from  Bethyl  Laboratories.  HA(HA.ll)  and  MYC(9E10)  an¬ 
tibodies  were  purchased  from  Covance.  GST  and  actin  antibod¬ 
ies  were  obtained  from  Molecular  Probes  and  Sigma,  respec¬ 
tively.  LY294002  and  etoposide  were  purchased  from  Calbio- 
chem.  Insulin  was  from  Invitrogen. 

Cell  culture  and  transfection 

HEK293  and  HeLa  cells  were  cultured  in  Dulbecco's  Modified 
Eagle's  Medium  (DMEM)  containing  10%  fetal  bovine  serum 
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(FBS)  with  50  U/mL  penicillin/streptomycin  (pen/strep).  Dro¬ 
sophila  S2  cells  |Invitrogen|  were  cultured  in  DrosopliilaSVM 
(Invitrogen)  with  2.92  vng/mL  L-glutamine  and  50  U/mL  pen/ 
strep.  Unless  specified,  mammalian  cells  were  cultured  in  six- 
well  plates  for  all  of  the  experiments,  while  S2  cells  were  all 
cultured  in  12-well  plates.  Mammalian  cell  transfections,  in¬ 
cluding  siRNA  transfections,  were  performed  under  serum-free 
conditions  using  lipofcctamine  reagent  (Invitrogen),  following 
the  manufacturer's  protocol. 

RNAi 

For  each  Drosophila  S2  cell  RNAi  experiment,  cells  were  plated 
in  12-well  plates,  with  a  starting  density  of  2x  10s  cells  per 
well.  5'  primer  GAGCCGGATCGCAACTACCC  and  3'  primer 
GGCGTCGCTCCAAAATCTCG  were  used  to  generate  dSinl_l 
dsRNA,  while  5'  primer  TCGGGCGCTGGAGGAGAT  and  3' 
primer  CCGTTTCGTTTGCATACCCACTTG  were  used  to 
generate  dSinl_2  dsRNA.  Detailed  protocols,  including  dsRNA 
synthesis  procedure,  RNAi  experimental  procedure,  and  ad¬ 
ditional  information  of  primer  sequences,  were  described 
previously  (Yang  et  al.  2006).  For  HEK293  cell  and  HeLa  cell 
RNAi,  siGENOME  SMARTpool  siRNA  targeting  either  mTOR 
(NM_004958|,  Rictor  (NM_1 52756),  Raptor  (NM_020761 ),  mLST8 
(NM_022372|,  PDK1  (NM.002613),  or  hSinl  (NM.0241 17),  and 
the  single  duplex  siRNA  targeting  either  Rictor  or  hSinl  were 
ordered  from  Dharmacon.  For  all  mammalian  cell  RNAi  experi¬ 
ments,  cells  were  plated  in  six-well  plates  with  a  starting  den¬ 
sity  of  3.6  x  105  cells  per  well  and  transfected  with  80  nM  siRNA 
for  4  h  for  each  specific  target.  Cells  were  lysed  48  h  post¬ 
transfection  for  immunoprecipitations  and/or  Western  blotting 
analysis. 

Gal  filtration 

Cells  were  cultured  in  a  10-cm  plate.  After  reaching  confluence, 
cells  were  lysed  in  1  mL  CHAPS  buffer  (see  Immunoprecipita- 
tion).  Cell  lysate  was  centrifuged  at  13,200  rpm  for  15  min  and 
the  supernatant  was  concentrated  to  250  pL  using  a  Centriprep 
YM-10  KD  (Millipore).  Samples  were  loaded  onto  a  Superose  12 
Prep  Grade  Column  connected  to  an  FPLC  system.  Elution  was 
collected  in  400  pL  per  fraction. 

Western  blotting,  immunoprecipitation,  and  kinase  assay 

For  Western  blot  analysis,  cells  cultured  in  12-  and  six-well 
plates  were  lysed  in  100  and  250  pL  of  NP40  buffer  (Mild  Lysis 
buffer)  (Yang  ct  al.  2006),  respectively.  Rictor  knockout  mice 
embryos  and  liver  tissues  were  also  lysed  in  NP40  buffer.  For 
imunoprecipitations,  cells  cultured  in  a  six-well  plate  were 
lysed  in  350  pL  1%  Triton,  1%  NP40,  or  0.3%  CHAPS  buffer  as 
previously  described  (Kirn  et  al.  2002).  One  microgram  of  anti¬ 
body  was  added  to  each  of  the  cellular  lysates  and  incubated  for 
90  min  at  4°C.  Ten  microliters  of  protein  G-sepharose  slurry 
(50%)  was  added  to  the  lysates  and  incubated  for  another  hour. 
Immunoprecipitates  were  washed  four  times  in  the  lysis  buffer 
before  Western  blotting  analysis.  For  kinase  assays,  after  wash¬ 
ing  with  lysis  buffer,  the  immunoprecipitates  were  washed  once 
more  with  kinase  buffer  and  then  incubated  in  15  pL  kinase 
assay  reaction  mix  for  30  min  at  37°C.  Kinase  assay  reactions 
were  designed  as  previously  reported  (Sarbassov  et  al.  2004).  The 
dephosphorylated  recombinant  Akt  substrate  (Upstate  Biotech¬ 
nology),  GST-S6K,  and  GST-Akt  purified  from  HEK293  cells 
were  used  as  substrates  (Yang  et  al.  2006).  To  stop  the  reaction, 
5  pL  of  4x  SDS  sample  buffer  was  added  to  each  reaction,  which 
was  then  boiled  for  5  min. 


Canfocal  microscopy 

I-IcLa  cells  were  grown  and  transfected  on  glass  covcrslips. 
Forty-eight  hours  after  transfection,  the  cells  were  fixed  with 
4%  paraformaldehyde/PBS,  permeabilized  with  0.1%  Triton 
X- 100/PBS,  and  blocked  with  2%  BSA/PBS.  Cells  were  then 
incubated  with  rhodamine-phalloidin  (T.500  dilution,  Molecu¬ 
lar  Probes)  and  mounted  with  Vectashield  H-1200  (with  DAP1, 
Vector  Laboratories).  Signals  were  detected  by  using  the  Olym¬ 
pus  FluoView  500  Laser  Scanning  Confocal  Microscope  at  the 
Diabetes  Center  of  the  University  of  Michigan. 

Generation  of  Rictor  knockout  mice 

A  mouse  ES  cell  line  (RRR347,  strain  129/OlaHsd)  containing 
an  insertional  mutation  located  in  the  third  intron  of  Rictor  was 
obtained  from  BayGenomics.  The  gene-trap  vector  used 
(pGTOLxf)  contains  a  splice-acceptor  sequence  upstream  of  the 
reporter  gene  3-geo  (a  fusion  of  lacZ  and  neomycin).  The  mu¬ 
tation  results  in  the  production  of  an  in-frame  fusion  transcript 
consisting  of  exons  1-3  from  Rictor  (amino  acids  1-65)  and 
3-geo.  The  ES  cells  were  microinjected  into  C57BL/6  blasto¬ 
cysts  to  produce  chimeric  male  mice  by  Transgenic  Animal 
Model  Core  Laboratory  of  the  University  of  Michigan.  Chimeric 
animals  were  bred  to  C57BL/6  mice  (Jackson  Laboratory)  to  pro¬ 
duce  heterozygous  animals.  The  following  primers  were  used 
for  genotyping:  Ric-F,  5 '-GACCGATTTTCC ACTTTCGTTG -3 '; 
Ric-R,  5'-GACTTCTCTCTGCAACAGATGC-3';  and  3-geo-R 
(from  vector  sequences),  5'-TCCAGACAAGTAGATCCCGG 
CG-3'.  The  wild-type  allele  was  detected  with  primers  Ric3-F 
and  Ric3-R,  yielding  a  342-base-pair  (bp)  product,  whereas  the 
mutant  allele  was  detected  with  primers  Ric3-F  and  Pgeo-R, 
yielding  a  505-bp  product. 
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